Targeting sites that modulate protein-protein interactions represents an ongoing challenge for drug discovery. We have devised an assay principle, named ligand-regulated competition (LiReC), in an effort to find non-ATP competitive small-molecule regulators for type Ir cAMP-dependent Protein kinase (PKA-Ir), a protein complex that is implicated in disease. Our assay based on the LiReC principle utilizes a competitive fluorescent peptide probe to assess the integrity of the PKA-Ir complex upon introduction of an allosteric ligand. The developed fluorescence polarization method screens for small molecules that specifically protect (antagonists) or conversely activate (agonists) this protein complex. In high-throughput format, various cyclic nucleotide-derived agonists and antagonists are successfully detected with high precision. Furthermore, assay performance (Z′-factors above 0.7) far exceeds the minimum requirement for small-molecule screening. To identify compounds that operate through novel modes of action, our method shields the ATPbinding site and purposely excludes ATP-competitive ligands. These proof-of-principle experiments highlight the potential of the LiReC technique and suggest its application to other protein complexes, thereby providing a novel approach to identify and characterize modulators (small molecules, proteins, peptides, or nucleic acids) of proteinprotein systems.
therapy by repressing aberrant phosphorylation. In addition, a PKA-IR antagonist has been suggested as a therapeutic agent to improve T cell responsiveness to HIV. 7 On the other hand, a smallmolecule activator of PKA may also be of benefit. For example, S49 T-lymphoma cells undergo cAMP-stimulated apoptosis through activation of PKA. 9 PKA Small-Molecule Ligands. Two classes of small-molecule modulators targeting PKA have been described. The first class represents ATP competitors that target the C-subunit and inhibit the catalytic function. However, potent ATP-competitive inhibitors of PKA, such as H89 10 and staurosporine, 11 also inhibit other protein kinases as well as nonrelated cellular receptors, 12 thus compromising the therapeutic potential of this class of inhibitors. The second class comprises molecules related to the endogenous PKA regulator, cAMP. 13 Cell-permeable derivatives have been designed that act as either agonists (activating the holoenzyme in the same way as cAMP) or antagonists (competing with cAMP for binding to the R-subunit but not inducing holoenzyme dissociation).
Targeting PKA Allosteric Sites. The cAMP-binding sites are obvious targets for novel non-ATP-competitive modulators of PKA function. To date, only cyclic nucleotide analogues have been reported to bind to these sites. However, as the charged cyclic phosphate group is a strict requirement, these compounds exhibit poor in vivo efficacy 14 due to cell permeability and sensitivity to phosphodiesterases.
Crystal structures obtained for free R-subunit, 15 complexes with cAMP analogues 16 and most recently for R-subunit bound to the C-subunit 17 bring insights into the allosteric mechanism behind cAMP binding and allow correlation between the sequence and structure of the cAMP-binding sites. The R-subunit is composed of two homologous domains, each having a high-affinity cAMPbinding site (named A and B sites). Sequence divergence of A and B sites (Figure 1) suggests that small molecules can be discovered that distinguish between them. Indeed, synthetic cAMP analogues have been designed that bind preferentially to one or the other site. 13 The most recent structure of a deletion mutant of type IR R-subunit (containing A domain only) reveals major conformational changes in the A site upon binding to C-subunit. 17 This finding suggests that antagonists may be found that exploit the rearrangement of the A site between the holoenzyme (i.e., R-C complex) and free R-subunit.
Moreover, sequence divergence between the RI and RII isoforms is sufficient to suggest that selective binders may be designed. Figure 1 shows that 6 out of 19 residues directly in contact with cAMP in the A site and 11 out of 22 residues in the B site differ between RI and RII subtypes. The discovery of isoform-specific binders then opens up the possibility for selectively targeting only the disease-associated forms of PKA.
Limitations in High-Throughput Screening (HTS) of Protein Kinases. Assays commonly used in HTS against protein kinases follow substrate or ATP turnover as measured by a variety of approaches, including luminescence, 18 fluorescent polymer superquenching, 19 homogeneous time-resolved fluorescence, 20 scintillation proximity assay, 21 AlphaScreen, 22 electrophoretic shift, 23 and fluorescence polarization (FP). 24 The identification of non-ATP-competitive ligands that modulate kinase function through stabilizing active or inactive conformational states (e.g., allosteric modulators) would provide a novel mechanism of action for kinase drugs. In principle, existing kinase HTS assays can also identify these types of ligands as demonstrated by the discovery of allosteric Akt inhibitors. 25 In practice, however, discerning true non-ATP-competitive modulators from Alignment of residues that directly contact cAMP in the A and B sites for RI and RII isoforms. In the consensus, ":" and "." denote strong and weak conservation (according to ClustalW convention) and "-" denotes no conservation. Residues separated by a space are nonadjacent in the protein sequence but come together in the 3D structure to form a discontinuous binding motif for cAMP. The A and B binding sites were identified by selecting all residues within a 3-Å radius of the cAMP mimic, Sp-cAMPS, bound to both sites in RIR from PDB: 1NE6.
ATP competitors, as well as promiscuous compounds that act through high-stoichiometry binding or by causing protein aggregation or denaturation, has not been rigorously pursued. Furthermore, a bias for ATP competitors is inherent in these screens because they are performed at relatively low ATP concentrations compared to the affinity for kinases (e.g., K d for ATP binding to PKA is ∼25 µM 26 ). This has undoubtedly resulted in all top-ranking HTS hits, and subsequently drug-leads, being ATP-competitive. Our ultimate goal is to identify novel subtype-selective smallmolecule modulators of PKA that mediate their effect through binding to sites distinct from the ATP-binding site. This report describes development of a novel assay, with fluorescence polarization as readout, designed to identify non-ATP-competitive small molecules targeting PKA-IR.
EXPERIMENTAL SECTION
Reagents. The PKA inhibitor peptide IP20 (Thr-Thr-Tyr-AlaAsp-Phe-Ile-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-HisAsp) was synthesized at the University of California at San Diego (UCSD) in the Peptide and Oligonucleotide Core Facility and purified by HPLC. Succinimidyl esters of (5,6)-carboxyfluorescein (5,6-FAM) and Texas red-X were from Invitrogen (Carlsbad, CA). 8-Br-adenosine 3′,5′-cyclic monophosphorothioate (Rp-8-Br-cAMPS) was from Axxora (San Diego, CA). cAMP, 2′-deoxyadenosine 3′,5′-cyclic monophosphate (deoxy-cAMP), guanosine 3′,5′-cyclic monophosphate (cGMP), and PKI(14-24) amide (Gly-Arg-Thr-GlyArg-Arg-Asn-Ala-Ile-His-Asp-NH 2 ) were from Aldrich (Milwaukee, WI). ATP-competitive inhibitors (H89 and staurosporine) were obtained from LC Laboratories (San Diego, CA) and 2-(3,5-Ophosphinico--D-ribofuranosyl)-4-thiazolecarboxamide (cTzMP) from the Developmental Therapeutics Program, National Cancer Institute.
Synthesis of Labeled IP20. IP20 was conjugated at the N-terminus with succinimidyl activated carboxyfluorescein (FAM-IP20) or Texas red-X (TR-IP20). To synthesize FAM-IP20, 1 mg of 5,6-FAM succinimidyl ester and 2 mg of IP20 were incubated in 1 mL of PBS/DMF (50:50) overnight at 4°C with gentle agitation. The fluorescent peptide was purified by C18 reversedphase HPLC with a water/acetonitrile gradient (0.08% TFA). FAM-IP20 eluted in 38% acetonitrile. To synthesize TR-IP20, 1 mg of Texas red-X succinimidyl ester and 2 mg of IP20 were incubated in 1 mL of PBS/DMF (20:80) overnight at 4°C with gentle agitation. The fluorescent peptide was purified by C18 reversedphase HPLC and eluted in 49% acetonitrile.
Protein Expression and Purification. To minimize reagent preparation for HTS, stable constructs for the C-and R-subunits were used, namely, the C199A mutant of the C-subunit, which can be stored at 4°C for over 1 year, and the ∆1-91 deletion mutant of type IR R-subunit, RIR(∆1-91), lacking the dimerization docking domain and thus less prone to aggregation. The C199A mutant and wildtype C-subunit showed identical binding profiles with FAM-IP20 (data not shown), while the binding and activation behavior of the deletion mutant is nearly identical to wildtype RIR. 27 The C199A mutant of recombinant murine catalytic subunit 28 and bovine RIR(∆1-91) 29 were expressed and purified from Escherichia coli as previously described. Catalytic Subunit Binding and Competition Experiments. Unless specified otherwise, all concentration-dependent binding and competition experiments were performed using 2-fold dilution series in the assay buffer: 50 mM HEPES (pH 7.0), 0.005% Triton-X 100, 10 mM MgCl 2 , 2 mM ATP, and 2 mM DTT. In a typical experiment, 12 different concentrations of a test compound or protein were tested in at least duplicate. FAM-IP20-and TR-IP20-binding experiments were performed by adding 5 µL of C-subunit in 50 mM HEPES (pH 7.0) to 45 µL of FAM-IP20 or TR-IP20 solution in the assay buffer. Final concentrations were as follows: 0.5-512 nM C-subunit and 1 or 50 nM FAM-IP20 or 40 nM TR-IP20. The ATP concentration dependence of IP20 binding was measured by varying ATP concentration (12.5 nM to 12.8 µM) in the assay buffer, with 1 nM FAM-IP20 and 5 nM C-subunit. Competition experiments with PKI(14-24) were performed at 156 nM to 100 µM PKI(14-24), 1 nM FAM-IP20 and 5 nM C-subunit in the assay buffer. A stable FP reading was reached within 30 min upon addition of all the reagents and remained constant for at least 16 h. Binding and displacement curves were fit using Prism 4 software (GraphPad, San Diego, CA).
Holoenzyme Binding and Competition Experiments. PKA-IR was formed in situ by combining C-subunit with 1.2 molar excess of R-subunit in the assay buffer 5 min prior to performing the study. This period is sufficient to form a stable holoenzyme complex that is completely resistant to displacement by the fluorescent IP20 probe in the absence of an agonist. Typically, the FP reading was taken within 1 h of adding all the reagents. The concentration dependence for cyclic nucleotides was measured by adding 1 µL of cyclic nucleotide solution in DMSO to 49 µL of assay buffer containing 40 nM TR-IP20, 64 nM C-and 77 nM R-subunits. Final cyclic nucleotide concentrations were as 
High-Throughput Assay Format. HTS was performed by adding 1 µL of a test compound solution in DMSO to 49 µL of assay buffer containing TR-IP20, C-subunit, R-subunit, and cGMP. The final composition of the assay mixture was as follows: 25 µM test compound (unless stated otherwise), 40 nM TR-IP20, 64 nM C-subunit, 77 nM R-subunit, and 3 µM cGMP in the assay buffer with 2% DMSO. In the absence of test compound (negative control samples), a midrange FP value was registered corresponding to ∼50% bound TR-IP20 fraction.
Each screening plate contained eight half-maximal response control wells (no test compound, just 1 µL DMSO added and FP response due to 3 µM cGMP), eight agonist control wells (500 µM cGMP final, maximal FP reading), and eight antagonist control wells (50 µM Rp-8-Br-cAMPS final, minimal FP reading). In addition, readings from four buffer blank wells were taken for the background intensity correction.
For both agonistic and antagonistic responses, Z'-factors were calculated by FP values (P) and standard deviation (SD) were determined for the agonist, antagonist, and half-maximal response control wells.
RESULTS AND DISCUSSION
Assay Design. An assay was required that is capable of detecting both PKA-IR agonists (inducing holoenzyme dissociation) and antagonists (compounds that protect holoenzyme). Recently, AlphaScreen technology has been used for this purpose, with C-and R-subunits attached to donor and acceptor beads, respectively, so that formation of the PKA protein complex brings the beads into proximity and luminescence is emitted. 30 We chose to develop a new technique for probing the integrity of the PKA holoenzyme complex that does not require protein attachment or labeling. The developed assay is based on a new principle, ligand-regulated competition (LiReC) for probing proteinprotein interactions. This technique utilizes a probe that competes with one of the protein partners for binding to the other protein partner. The concentration of the first protein partner is adjusted such that it outcompetes the probe and probe binding can only occur by introduction of a modulator that destabilizes the protein complex. Binding to a protein receptor may be measured by changes in fluorescence polarization 31 if a small fluorescently labeled ligand is used as the probe.
To implement a LiReC assay for the PKA system, the binding partners are the C-and R-subunits, and the allosteric modulator will be a cyclic nucleotide. The heat-stable protein kinase inhibitors (PKIs) are a family of small proteins that inhibit PKA by binding to the substrate-binding site of the catalytic subunit with subnanomolar affinity. 32 The high-affinity binding motif is found at residues 5-24, and the respective 20-mer peptide spanning this range (named PKI(5-24) or IP20) binds to the C-subunit with high affinity, with a K i of 2.3 nM. 33 Thus, IP20 is the ideal probe for this novel method.
Our LiReC assay (Scheme 1) exploits the following facts: (i) IP20 and the R-subunit bind to overlapping sites on the catalytic subunit and thus compete with each other, and (ii) the R-subunit affinity for the C-subunit is cAMP-dependent. In the absence of cyclic nucleotide, the R-subunit affinity for the C-subunit (K d of 0.39 nM 27 ) exceeds that of IP20 (K i of 2.3 nM). However, binding of cyclic nucleotide to the R-subunit weakens the R-C complex and enables IP20 to bind to C-subunit. Consequently, fluorescently labeled IP20 can be used as a probe for the interaction of the Cand R-subunits.
Interaction of FAM-IP20 with the Catalytic Subunit. Fluorescence polarization has been previously used to measure the binding of a fluorescently labeled variant of IP20 (labeled with fluorescein on a C-terminal cysteine) to the catalytic subunit of PKA, and a K d of 31 nM was obtained. 34 A similar binding study was designed in which the N-terminus of IP20 was labeled with carboxyfluorescein (FAM-IP20) and the concentration dependence with catalytic subunit was measured (Figure 2a) . A K d of 4.4 nM and a Hill slope close to 1 was obtained in this experiment for the interaction of C-subunit with 1 nM FAM-IP20. This value is close to the K i recorded for IP20 (2.3 nM) and demonstrates that N-terminal labeling does not significantly weaken IP20 binding.
We specifically aimed to use a high probe concentration, since this offers significant advantages in HTS assay format (see later). At a FAM-IP20 concentration of 50 nM (i.e., significantly above the K d for the interaction with C-subunit), a steep concentration dependence was observed (Figure 2a ). This pattern is consistent with quantitative titration of FAM-IP20 by C-subunit.
Published structural and biochemical studies show dramatic changes in the PKA conformation and in the affinity of the C-subunit for R-subunit or IP20 induced by ATP. 26 This behavior is synergistic, since in the presence of the R-subunit or IP20, the affinity of the C-subunit for ATP is also enhanced by over 3000-fold. 26 In agreement with these findings, the interaction between FAM-IP20 and C-subunit was sensitive to ATP concentration (Figure 2b ). Therefore, to minimize possible interaction of test compounds with the ATP-binding site, all further experiments were performed at saturating concentrations of ATP (2 mM) and MgCl 2 (10 mM).
To prove probe specificity and demonstrate that this assay is not reporting artifacts such as protein or peptide aggregation, a truncated version of IP20, PKI(14-24), was shown to compete with FAM-IP20 for binding to C-subunit in a dose-dependent manner, with an IC 50 of 2.7 µM (Figure 2c) .
Optimizing Assay Conditions for HTS. First, as mentioned previously, we wished to use the fluorescent probe at a high concentration, since this would improve assay performance by reducing optical interference from test compounds and thus eliminate a significant fraction of false hits during screening. In a regular competition binding assay, a probe concentration significantly exceeding the K d for its interaction with the binding site would compromise screening, since weak competitors, which may become promising candidates through lead optimization, will be missed. However, this is not the case with our novel LiReC assay (Scheme 1), in which test compounds do not directly compete with the probe (fluorescently labeled IP20), but regulate the affinity of another assay component (R-subunit) that competes with the probe for binding to a common target (C-subunit).
The use of red-shifted fluorescent dyes in FP small-molecule screening provides additional advantage, since compound interference is minimized at longer excitation and emission wavelengths. 31, 35 For this reason, IP20 was labeled at the N-terminus with a long-wavelength fluorescent dye, Texas red-X. The obtained Scheme 1. LiReC Assay Principle As Applied to PKA a a Binding of IP20 or R-subunit is mutually exclusive. In the absence of cyclic nucleotide (cAMP), R-subunit outcompetes IP20 and the R-C complex is the dominating species (blue box). However, cAMP binds to the R-subunit and weakens this complex, allowing IP20 to compete for C-subunit. Fluorescent labeling of IP20 enables the use of fluorescence polarization as a readout for peptide binding and consequently a probe for the integrity of the R-C complex. ATP/MgCl2 (red oval) is necessary for high-affinity binding of either IP20 or R-subunit. A change in conformation between R-bound to C-subunit and free R is depicted by a change in shape. For simplicity, only the R-C half is depicted although PKA holoenzyme is a R 2C2 complex. 14-24. ). The experiment was performed at fixed concentrations of FAM-IP20 (1 nM) and C-subunit (5 nM) with a twofold serial dilution series for PKI(14-24.) in a final volume of 50 µL (n ) 4). Fitting to a sigmoidal dose response gave IC50 ) 2.7 ( 0.3 µM and Hill slope ) 1. fluorescent peptide, TR-IP20, at 1 nM showed 4-fold weaker binding (K d of 19.4 nM; see Figure 3 ) to C-subunit compared to FAM-IP20, and again when used at a high concentration (40 nM), a steep concentration dependence was observed (Figure 3) . The same data plotted on a linear concentration scale (Figure 3, inset) show a linear increase in the probe bound fraction followed by a plateau, which is indicative of quantitative titration. An added bonus by using TR-IP20 is a larger response window (P bound -P free ) of 237 mP, compared to 136 mP for FAM-IP20. This may reflect a more restricted mobility upon binding of the Texas red moiety or to the longer fluorescence lifetime of Texas red (4.5 ns) compared to fluorescein (4.1 ns). 36 The following conditions were found optimal for assaying with TR-IP20: probe concentration of 40 nM, C-subunit concentration of 64 nM (close to the saturation of the FP response), and R-subunit concentration of 77 nM (a 1.2-fold molar excess over C-subunit was required to form holoenzyme when TR-IP20 is present). In this system, practically all of the C-subunit is in complex with the R-subunit, leaving TR-IP20 unbound (low FP readout).
To gauge the effectiveness of this system for probing the R-C interaction, the change in FP signal was measured at varying concentrations of four PKA agonists, namely, the cyclic nucleotides cAMP, deoxy-cAMP, cGMP and cTzMP (Figure 4) . The potency of cAMP (EC 50 of 59 nM) is consistent with literature values of less than 100 nM. 37, 38 A steep dose response observed for cAMP is a consequence of using R-subunit at a concentration that is significantly above the affinity for its interaction with cAMP (K d of 1.7 nM 39 ). This rationale is in line with the more gradual response curves observed for the three other weaker binding cyclic nucleotides.
Although PKA responds endogenously to cAMP, previous findings that cGMP is a weaker activator of PKA-IR were corroborated. Interestingly, activation by cTzMP (EC 50 of 614 nM), which lacks the nucleobase core, is intermediate between cAMP (EC 50 of 59 nM) and cGMP (EC 50 of 3.12 µM). The 2′-deoxyribose derivative of cAMP was also tested and found to be a 1000-fold weaker activator (EC 50 of 53.8 µM) than cAMP. This simple structure-activity series highlights the greater importance of the 2′-hydroxy on the ribose ring compared to the nucleobase.
High-Throughput Assay for Screening Both PKA Agonists and Antagonists. The described assay system involving fluorescent peptide (TR-IP20), C-subunit, and R-subunit is appropriate for the screening of PKA agonists. To broaden the scope and enable detection of both agonists and antagonists, a robust HTS format was designed incorporating a four-component system with TR-IP20, C-and R-subunits and cyclic nucleotide (Scheme 2). In this system, concentrations of C, R-subunit, and a cyclic nucleotide are adjusted such that about half of fluorescently labeled IP20 is bound to the catalytic subunit and the other half is free. As a result, a half-maximal FP signal is observed that is proportional to the bound fraction of the probe. Given the steep concentration dependence of cAMP-induced activation (Figure 4 ) and to offer a better screen-to-screen reproducibility, a weaker agonist, cGMP was used at a concentration equal to its EC 50 of 3 µM. Agonists are compounds that weaken the R-C complex allowing more TR-IP20 to bind to C-subunit. This results in an increase of the bound probe fraction and, as a consequence, an increase in the FP value. In contrast, an antagonist is a compound that shields the R-C complex. Consequently, more C-subunit will form a stable complex with R-subunit, and less will be available to bind TR-IP20, so that the fraction of bound probe will be reduced and the FP signal will decrease.
LiReC Assay Performance in HTS Format. To assess the performance of our LiReC assay in HTS format, the Z′-factor, a statistical parameter that considers both the response magnitude and variation, 40 was calculated. An assay was performed in a 384-well plate with half-maximal response control wells (3 µM cGMP), agonist control wells (500 µM cGMP), and antagonist control wells (3 µM cGMP and 50 µM Rp-8-Br-cAMPS). Values obtained, for Z′ agonist of 0.75 and Z′ antagonist of 0.77, far exceed the minimum requirement of 0.5 for high-throughput screening 40 and demonstrate the robustness of this assay.
Next, a real screen was conducted on an in-house compound collection, all tested at 25 µM (three sets totaling 134 compounds, Figure 5a ). Our collection consisted of a structurally diverse set of heterocycles (mainly purine and xanthine analogues) and purine-like ribonucleosides. Several of the nucleosides were naturally occurring antibiotics (e.g., tubercidin, toyokamycin, sangivamycin, formycin A, minimycin, and pyrazomycin). Z′-Factors were consistently over 0.73 when these compounds were screened. Included in set 1 are the known PKA modulators 8-Cl-cAMP (agonist) and Rp-8-Br-cAMPS (antagonist).
Finally, The designed assay has demonstrated its ability not only to identify antagonists but also to accurately quantify their potencies. Thus, based on the concentration-response dependence for Rp-8-Br-cAMPS (Figure 5b) , the IC 50 value of 617 nM was calculated.
Resistance to ATP Competitors. It may be suspected that ATP competitors will register as antagonists, since they will displace ATP from its binding site, leading to a decrease in the IP20 probe affinity for C-subunit (Figure 3) , so that less of the probe is bound and thus a lower FP signal is recorded. However, it has been shown that the affinity of ATP in the presence of IP20 improves by over 3000-fold (i.e., 25 µM to 7.3 nM 26 ). A positive consequence of this behavior is that with the high ATP concentration (2 mM) in the assay it is unlikely that ATP competitors will appear as hits. As proof, no reduction in FP signal was observed with the potent ATP competitors, H89 (K i of 49 nM 10 ) and staurosporine (K i of 7 nM 11 ), tested at 200 µM (data not shown).
CONCLUSIONS
In the present study, a novel assay principle has been devised, ligand-regulated competition, that utilizes a competitive probe for a protein-protein binding site to identify and characterize modulators of protein-protein interactions. For the proof-of-principle 
Scheme 2. LiReC Assay in HTS Format a
a A C199A mutant of C-subunit and a RiR(∆1-91) truncation of R-subunit are used. This R-subunit construct cannot dimerize but otherwise is almost identical to wildtype. An agonist (2) at its EC50 concentration will allow 50% of TR-IP20 to bind, eliciting a halfmaximal FP response. Another agonist (2) will further weaken the R-C complex, allowing more TR-IP20 to bind and increasing the FP signal. Alternately, an antagonist (2) competes with agonist and shields the R-C complex, preventing binding of TR-IP20 to C-subunit and decreasing the FP signal.
experiments, we chose the disease-relevant PKA-IR system, where the integrity of the catalytically inactive protein complex is sensitive to cyclic nucleotides. The next step will be to adapt this assay for other R-subunit subtypes (RI , RIIR, RII ) in order to find selective druglike small molecules for potential therapeutic benefit.
The described assay is superior to existing methods for highthroughput identification of novel druglike PKA regulators. A key advantage is shielding the ATP binding site so as not to be swamped with compounds that bind to this site. In addition, a format for the assay is described that can identify both agonists and antagonists even though they have opposing effects. We are now in a position to screen large libraries for novel compounds that modulate PKA function in an ATP independent manner.
Application to Other Protein-Protein Systems. We envision that ligand regulated competition can be applied to other systems where the stability of a protein complex is regulated by a modulator (i.e., proteins, peptides, small molecules, or nucleic acids). Regulation by this modulator may occur through stabilization of the protein complex by formation of a ternary complex, destabilization through direct competition, or destabilization through allosteric selection of an alternate conformational state. All three mechanisms may be characterized with an appropriately designed LiReC assay.
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